Alcohol use disorder (AUD) affects all sexes, however women who develop AUD may be 44 particularly susceptible to cravings and other components of the disease. While many brain 45 regions are involved in AUD etiology, proper function of the prefrontal cortex (PFC) is 46 particularly important for top-down craving management and the moderation of drinking 47 behaviors. Essential regulation of PFC output is provided by local inhibitory interneurons, yet the 48 effects of chronic drinking on interneuron physiology remain poorly understood, particularly in 49 female individuals. To address this gap, we generated fluorescent reporter transgenic mice to 50 label the two major classes of interneuron in deep layer prelimbic PFC, based on expression of 51 parvalbumin (PV-IN) or somatostatin (SST-IN). We then interrogated PV-IN and SST-IN 52 membrane and synaptic physiology in a rodent model of binge drinking. Beginning in late 53 adolescence, mice received 3-4 weeks of intermittent access (IA) ethanol. One day after the last 54 drinking session, adaptations to PV-IN and SST-IN intrinsic physiology were observed in male 55 mice but not in female mice. Furthermore, IA ethanol precipitated diametrically opposing 56 changes to PV-IN synaptic physiology based on sex. IA ethanol decreased excitatory synaptic 57 strength onto PV-INs from female mice and potentiated excitatory transmission onto PV-INs 58 male mice. In contrast, decreased synaptic strength onto SST-INs was observed following IA 59 ethanol in all groups of mice. Together, these findings illustrate novel sex differences in 60 drinking-related PFC pathophysiology. Discovering means to restore PV-IN and SST-IN 61 dysfunction following extended drinking provides opportunities for developing new treatments 62 for all AUD patients. 63 64 Key words 65 alcohol, prefrontal cortex, synaptic physiology, parvalbumin, somatostatin 66 67 68 ME Joffe et al. Drinking-induced synaptic adaptations to cortical interneurons 3 1. Introduction 69
physiology of PV-expressing interneurons (PV-INs). Recent studies have leveraged these tools 121
to reveal that GABAA receptor subunit ablation from PV-INs increases binge drinking in male 122 mice, but not female mice, supporting the hypothesis that this interneuron subtype regulates sex 123 differences in top-down control (Melon et al., 2018) . In addition to PV-INs, the second class of Mice provided with IA ethanol drink more per day than continuous access controls (Hwa et al., 164 2011), and the C57BL/6J strain consumes more ethanol than other strains (Belknap et al., 1993; 165 Boyce-Rustay et al., 2008; Rodgers and Mc, 1962) . For these reasons, we selected the IA 166 schedule in C57BL/6J mice as a robust rodent model of binge drinking. IA ethanol began during 167 late adolescence (6-7 weeks). For alternating 24-hour periods, mice were provided with free 168 access to ethanol in their home cages. Water and food were always provided ad libitum. Mice 169 were individually housed 3-7 days prior to IA ethanol initiation and remained so until sacrifice. 170
Ethanol was provided 3-4 hours prior to the dark cycle and removed one day later. For the first 171
week of access, the concentration of ethanol was slowly ramped up (3, 6, 10%) to 20% ethanol, 172 7 which was used for the duration of the study. The amount of ethanol and water consumed per 173 day was measured by weight after each drinking session. As expected, female mice drank more 174 ethanol than matched male mice ( Figure 1A and 1B) . We observed no sex differences in 175 preference for ethanol over water across the IA access procedure ( Figure 1C and 1D) . containing (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 1 NaH2PO4, 11 glucose, and 26 187 NaHCO3. Membrane properties were assessed in current clamp configuration using a 188 potassium-based internal solution (in mM): 125 K-gluconate, 4 NaCl, 10 HEPES, 4 MgATP, 0.3 189 NaGTP, 10 Tris-phosphocreatine. Cells were dialyzed with internal solution for 5 minutes, after 190 which a series of 20, 1-sec current injections were applied. Injections began at -150 pA, were 191 incremented at 25 pA, and ended at +300 pA. Rm was calculated as the slope of the potential 192 hyperpolarization divided by the injected current. Sag ratio was evaluated based on the resting 193 membrane potential (Vm) and hyperpolarization in response to -150 pA current injection. Sag 194 ratio was calculated as the difference between the peak hyperpolarization and the steady-state, exhibited distinct adaptations surrounding action potential initiation. Across multiple current 261 injections, we observed increased current-evoked firing in PV-INs from male mice ( Figure 4C ). 262
Following trains of action potentials, many neuron types display mAHP, a brief (~100-ms to 2-263 sec) hyperpolarization. mAHP is generally mediated by voltage-and/or calcium-gated 264 potassium channels and serves a feedback mechanism to limit continuous neural activity. PV-265
INs from male IA ethanol mice displayed greater mAHP than matched controls ( Figure 4C ). 266
Together, these data indicate that PV-INs from male mice are hyperexcitable following IA 267 ethanol and susceptible to enhanced feedback to limit their ongoing activity. We next examined SST-IN spike-firing was no different between control and IA ethanol male mice ( Figure 4G ), but 271 SST-INs from male IA ethanol mice did display enhanced mAHP ( Figure 4H ). Importantly, 272 however, the large mAHP in male IA ethanol SST-INs might stem from a non-specific increase 273 in Rm ( Figure S1K ) and therefore may not reflect a specific change to calcium-activated 274 potassium channels. Overall, these intrinsic physiology adaptations suggest that IA ethanol 275 alters the processes through which interneurons respond to synaptic input and alter PFC 276 11 microcircuit function. We therefore aimed to better understand how binge drinking might modify 277 excitatory input onto PFC PV-INs and SST-INs and investigated synaptic properties from 278 controls and IA ethanol-exposed mice. Figure 5A ). In female mice, we observed a decrease in both sEPSC 289 amplitude ( Figure 5B ) and frequency ( Figure 5C ) between IA ethanol treatment and controls. 290
These data suggest PV-INs in female mice display reduced AMPA receptor function and fewer 291 detectable synapses after IA ethanol exposure. We next used electrical stimulation to evaluate 292 the paired-pulse ratio (PPR), which is modulated by changes in neurotransmitter release 293 probability. We observed no difference in PPR ( Figure 5D ), suggesting changes in presynaptic As with PV-INs, we evaluated changes to excitatory synaptic transmission onto SST-INs in 308 control mice and those exposed to IA ethanol. In female mice, one-day abstinence from IA 309 ethanol was associated with decreased excitatory synaptic strength ( Figure 6A ), as evidenced 310 by reductions in both sEPSC amplitude ( Figure 6B ) and frequency ( Figure 6C ). The PPR of 311 evoked EPSCs was not different between the control and IA ethanol groups, suggesting these 312 changes in excitatory transmission occurred through postsynaptic reduction in AMPA receptor 313 function and the number of detectable synapses. We observed similar changes in male mice 314 ( Figure 6E ). IA ethanol produced an attenuation of sEPSC amplitude ( Figure 6F ) and frequency 315 ( Figure 6G ) in SST-INs of male mice. Surprisingly, we observed decreased PPR across multiple 316 interstimulus intervals in these cells from the IA ethanol group ( Figure 6H ). At face value, these 317 data suggest increased presynaptic glutamate release probability and are not consistent with 318 the concomitant reduction in sEPSC frequency. We offer two potential explanations for this 319 discrepancy: (1) distinct sets of synapses may have been sampled during spontaneous and 320 evoked EPSC recordings, as has been observed at excitatory synapses onto other cell types in 321 the central nervous system (Ramirez and Kavalali, 2011) ; and (2) SST-IN PPR may be 322 regulated by a postsynaptic feature, such as the activity-dependent polyamine sensitivity of 323 AMPA receptors previously observed in cortical interneurons (Rozov and Burnashev, 1999) . 
Discussion 329
The PFC is essential for top-down moderation of drinking (Abernathy et al., 2010; 330 George and Koob, 2010). The preclinical literature has primarily focused on how ethanol alters 331 the function of PFC pyramidal cells, the principal neurons that convey information from the PFC 332 to subcortical structures. Nonetheless, PFC output is dynamically regulated by local 333
interneurons, so we sought to investigate physiological adaptations occurring on those discrete 334 cell types following ethanol exposure. We functionally interrogated two genetically defined 335 interneuron classification, differences between the two studies might stem from means of 405 ethanol delivery, overall intake, pattern of intake, and species. Each of these parameters merits 406 16 further examination. We believe the diversity of preclinical AUD models is a beneficial feature of 407 the research community; continued research across several models well help elucidate the core 408 features of disease etiology. To our knowledge, the present study represents the first 409 characterization of PFC interneuron synaptic physiology following voluntary drinking, although 410 these findings are also limited by a single timepoint. Future studies should be designed to 411 address the development and recovery of PFC interneuron pathophysiology and related 412 behavioral adaptations across multiple disease models. 413
Based on the current findings, one would expect for inhibitory transmission onto PFC 414 pyramidal cells to be altered following chronic drinking and in models of alcohol dependence. In 415 ostensible contrast to that hypothesis, previous research did not reveal differences in inhibitory 416 transmission onto deep layer prelimbic PFC pyramidal cells during acute withdrawal from CIE 417 shifting and cellular function in the prefrontal cortex of chronic alcohol-exposed mice. Alcohol Clin 556
Exp Res 39, 953-961. 557
Huang, G. Z., Woolley, C. S., 2012. Estradiol acutely suppresses inhibition in the hippocampus 558 through a sex-specific endocannabinoid and mGluR-dependent mechanism. Neuron 74, 801-808. 
